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Abstract

Datapath width optimization is very effective for designing a custom-made processor system with low cost and
less power/energy consumption. However, to determine an optimal value of datapath width, designers need to
iteratively work on a number of customizations which results in a long design time. In order to reduce design
time, we propose an efficient scheme for reducing the design exploration space for the optimization. Through
a single-pass simulation for a reference customization and a model for estimating and evaluating performance,

reduction in design exploration space can be achieved. Experimental results show that substantial reduction in
design exploration space is possible.
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1 Introduction

Processor systems are used extensively in everyday
use. Usually, such asystemisapplication specific and has
an increasing demand for low cost and less power/energy
consumption while maintaining a minimum level of per-
formance. Therefore, design optimization is quite impor-
tant. However, the task of designing an optimized system
often resultsin along TAT (Turn Around Time). On the
other hand, there is agrowing time-to-market demand for
these systems. Reducing the design time is therefore a
crucial task.

Nevertheless, in designing processor systems, hard-
ware of the processor is commonly considered as a col-
lection of hard-to-change elements. Therefore, there is
a common trend of viewing the hardware as a subject to
IP (Intellectual Property) and the software is modified in
order to support the hardware. On the contrary, our ap-
proach to obtain an optimized system isto fix the compu-
tational algorithm first and then tune the underlying hard-
ware, while preserving the computational precision.

The datapath width of a processor system has a strong
effect on the area, performance and energy consumption
of the system [12] [11] [13]. Shackleford et al. have
proposed a novel optimization, called datapath width op-
timization, which determines the optimal datapath width
for such asystem[1].

However, in order to view the processor system as a
target of datapath width optimization, it is necessary to
include a modifiable processor aong with a high-level
language and compiler as apart of the system. To provide
such an environment, a customizable processor (Bung-
DLX) [7], and a high level language, called Vaen-C
aong with the retargetable Valen-C compiler [8] is de-
veloped.

Design methodologies have been proposed for deter-
mining the optimal datapath width using Bung-DLX and
Valen-C [6] [1] [2]. Nevertheless, there is a design time
bottelneck for such a methodology. The proposed meth-
odsresultin along TAT for designing a processor system.

The purpose of this work is to enhance support to
shorten the TAT for such a design environment. We have
observed that there is a time consuming iterative low-
level simulation necessary for the proposed methodolo-
gies. In this paper, we propose an approach that reduces
the number of such iterations. We introduce an approach
for estimating the system performance at an early stage of
design. Since, performance constraints are usually given
in the the system specifications, it is possible to cut-off
the repetitive simulation for those parameters that fail to
satisfy the constraints.

The organization of this paper is as follows. Section 2
defines the terminol ogies and assumptions for this study.
Section 3 describes related works and defines the prob-

lem. Section 4 presents the proposed approach. Section
5 shows experiment results. Section 6 summarizes this

paper.

2 Preiminaries
2.1 Definitions

Processor System: We assume the following target pro-
cessor system that is built on a single-chip, integrating
an instruction memory(ROM), and adata memory(RAM)
with a core processor.

Datapath Width: Datapath width is a popular measure
of categorizing the processor and is equal to the width
in bits of the internal datapath of the processor [12] [11]
[13]. Alternatively, datapath width is the number of bits
simultaneoudly transferred per memory access, it is the
width of the processor components such asthe arithmetic
logic unit, the register file, or the bus. We assume that we
can use arbitrary size of datapath.

Single Precision Operation: By single precision oper-
ation, we mean an operation whose regired maximum
width is not larger than the datapath width. For example,
an addition of two 32 bit datais single precision operation
on a 32-hit processor.

Multiple Precision Operation: By multiple precision
operation, we mean an operation whose required width
is larger than the datapath width. For example, an ad-
dition of two 20 bit data is double precision on a 16-bit
processor.

Cycle Penalty Ratio: Cycle penalty occurs when an op-
eration instance becomes multiple precision because the
operation needs more execution cycles than the single
precision case. For an operation instance with exeg,, in-
struction(s) for single precesion and exeg,. instructions
for precision pr, we define the cycle penalty ratio as,

exeCyy

|

Plpr = (execsp
If, for example, an operation executes 4 machine instruc-
tions for its single precision instance, and its cpn, is 2,
then a double precision instance of the operation would
require 2x4=8 machine instructions.

2.2 Basic System Requirements

For this study, we assume a cacheless, non-pipelined
system integrating a core processor, instruction memory
and data memory. ROM and RAM are used asinstruction
memory and data memory, respectively. In addition, we
assume that:

e the computational precision of the application pro-
gram can be determined,



e the parameters of the core processor is customiz-
able,

o the performance constraints are given,

e cycle penalty ratios are known,

o theinstruction word length remains invariant, and,

o the clock frequency of the core processor is fixed.

2.3

A soft-core-processor [7] is a customizable embedded
processor having some design parameters. Some of the
parameters are:

e datapath width,
e address width,
e number of registers, etc.

Soft-Core Processor and Valen-C

The designer can modify the parameters for each applica
tion, and then obtains a customized processor optimized
for the application.

Vaen-C [8] is an extension of C language [14]. In
Valen-C, programmers can specify the required bit length
of each variablein aprogram. For example, if two integer
variables x and y require 12 and 20 bits respectively, the
programmer can write

intl2 x;

int20 y;
in the variable declaration. All the syntax and semantics
of Vaen-Cisthe sameas C.

24 Criteriafor Optimality

Criteria for optimality varies with design. Some ap-
plications may require small chip area while some other
requiring low power/energy consuming circuitry. Our
target is a complex system with processor and mem-
ories(RAM and ROM). Processor and memories show
different area and power/energy characteristics on nar-
rowing the datapath width or on modifying other pa-
rameters. Moreover, it might be impossible to sacri-
fice performance beyond an acceptance level. Therefore
a trade-off policy considering the performance, area or
power/energy consumed by the processor, memories and
the whole system becomes necessary.

3 Datapath Width Optimization

When designing processor systems, it is sufficient to
set the datapath width equal to the largest bit-width re-
quired by the application software. Having the datapath
wider only results in extra size, but no increased perfor-
mance. Previous works [5] [1] [2] [10] show that further
reduction of datapath width can substantially reduce the
area and energy required by the system. Although, there
are efforts on how to gain advantage of the knowledge of
bitwidth, a little has been addressed about improving the
design methodology itself.

3.1 Evaluate-and-Redesign Approach for Optimiza-
tion

The design flow of the known approach for datapath
width optimization is shown in Figure 1.
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Figure 1. Design flow of the known approach

Initially the design begins with a soft-core-processor
and the target application source program written in
Vaen-C. The design flow consists of four phases:

e Phase 1: The origina “C” source program of the
target application is rewritten in Valen-C. Variable
size analysisis used in this phase.

e Phase 2: The soft-core-processor is customized for
a datapath width.

e Phase 3: The sourceprogramin Valen-Ciscompiled
for the customized processor.

e Phase 4: An evaluation (based on a low level, i.e.,
gate-level or lower , ssimulation and synthesis) gu-
rantees whether the generated system satisfies de-
sign constraints. If the design constraints are not
met or in order to find a suitable system, phase 2
to pase 4 are repeated for another datapath width in
order to get a suitable system. However, where dif-
ferent customized systems should be compared for
optimization, the repitition becomes trivial.

3.2 Problem Definition

The repitition of low-level simulations introduced in
the known approach leads to a long TAT for designing
an optimal system. Today, time-to-market design is very
much necessary, and the demand confronts us with the
following problem:



“How can datapath width be
optimized efficiently(i.e.,speedily)?”

A speed-up is possible using a high-level estimation of
system performance to reduce the design exploration
space for datapath width optimization.

4 Reduction of Design Exploration Space
4.1 Basicldea

Our proposa is:
“Reduce the design exploration space
at an early stage of system design,”

since, it is generaly less time consuming to find an op-
timal value from a reduced number of candidates. The
reduction of design exploration space can be done by es-
timating and evaluating the performance of the system as
afunction of datapath width through a single-pass, high-
level simulation.

A processor system is composed of: (1) the hardware
components, and, (2) its software counterpart. Among
the hardware components, there are the processor and the
memories (data memory and instruction memory). The
software part, on the other hand, consists of application
programs which manipulates input data. Given a target
processor along with a set of compiler specifications, the
number of execution cyclesisdirectly related to the code
sequence of the application software. With aninsight into
the software and the way of its implementation on the
hardware, it is possible to estimate the total number of
execution cycles of the system through a one-pass, high-
level simulation. The number of total execution cyclesis
directly related to system’s performance.

As an illustration, let us consider the following code-
sequence that will be executed on two different proces-
sors with datapath width of 32 bits and 21 bits, respec-
tively.

int main()

{
intle x;
int26 v;
int30 z;
Z=XtYy;

}

When the target processor has a datapath width of 32 bits,
the Vaen-C compiler is likely to convert the above pro-
gram into the following machine code sequence:

load x,R1; R1 « X15 ~ Xo
load y,R2; R2 « X95 ~ Yo
add R2,R1; R1—R1+R2
store R1,z; Zo9 ~ Zp <— R1

However, with the target processor having a datapath
width of 21 bits, the code trand ates into:

load x,R1; R1 « X35 ~ Xg
load ylower’RZ; R2 Y20 ~ Yo
|oad yuppemR'?’; R3 < ya5 ~ Yo1
add RI1,R2; R2 — R1+R2
addc #0,R3; R3 «— R3 + carry

store R2,z;er;
store R3,Z,pper;

Zoo ~ Zp +— R2
Zog ~ 291 — R3

Now, let us focus on the original Vaen-C program.
For the assignment operation, we can easily determine
the required bitwidth (req-w) for each of its operators,
operands and results:
operator reqw | operand regw | result regw
+ 26 X 16 z 30
= 30 y 26

For a 32-bit processor, all of the necessary operations are
of single precision:

x: 1 single-precision load,
. 1 single-precision load,
: 1 single-precision add,

. 1 single-precision store.

I+ <

Assuming each single precision operation requires asin-
gleinstruction, the result is a total of 4 machine instruc-
tions (i.e., execution cycles). However, for the 21-bit pro-
cessor case, the necessary operations are:

: 1 single-precision load (cpr=1),
: 1 double-precision load(cpr=2),
: 1 double-precision add (cpr=2),
. 1 double-precision store (cpr=2).

n +< X

For this case, the total number of execution cyclesis 7.
Thus, it is possible to predict the total number of ex-

ecution cycles even without any repetition of low-level

simulations. The performance is determined as well.

4.2 Design Flow

The design flow of the proposed approach is shown in
Figure 2. The flow consists of the following phases:

e Phase 1. The origina “C” source program of the
target application is rewritten in Vaen-C. Variable
size analysisis used in this phase.

e Phase 2. The system performance is estimated for
aninitia value of datapath width. This process con-
sists of customizing the soft-core processor, compil-
ing the application program for that processor, sim-
ulation, synthesis and so forth. Next, analysis for
access-count of variables, and precision and access



count of functions is done. The system performance
is then estimated for a number of datapath widths
with an estimator function.

e Phase 3: Datapath widths that fail to satisfy the per-
formance constraints are excluded. Thus, we get a
set of acceptable datapath widths.

e Phase 4. The soft-core-processor is customized for
an acceptable datapath width.

e Phase5: The sourceprogramin Valen-Ciscompiled
for the customized processor.

e Phase 6;: An evaluation (based on a low level, i.e,,
gate-level or lower , simulation and synthesis) gu-
rantees whether the generated system satisfies de-
sign constraints. If the design constraints are not
met or in order to find a better system, phase 4 to
pase 6 are repeated for another datapath width un-
til all the customizations for the accepted datapath
widths are tested. However, with a reduced num-
ber of design parameters obtained from phase 3, the
number of repetitive simulations is reduced.
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Figure 2. Design flow of the proposed approach

In this section we cover the main features of our proposed
approach.

4.3 TheReference System

The reference system is assumed to have a datapath
width of the largest variable in the program. However

if the width exceeds the capability of existing technol-
ogy, the widest possible supported-configuration is used
instead. Initially, the performance of the reference sys-
tem is estimated (Phase 2). Estimation process includes
customizing the soft-core processor for the reference dat-
apath width, compiling the application program for the
customized processor, simulation and synthesis.

4.4 Analysisand Performance Estimation

The purpose of analysis phase is to take profile data
for variable and operation instances. Analysis is done
by executing the application program with a set of input
data. Profile data includes the number each variable is
accessed throughout the program run. It also includesthe
precision and the number of accesses to each operation
(function) instances. Variables are divided into groups
according to their effective bitwidth. Each function con-
tains a subgroup, divided according to their precision on
different instances.

4.4.1 Assumptions

The estimation model of our proposed approach utilizes
the following assumptions:

e load operation is nesessary for each operand in an
operation,

e store operation is necessary for each assignment op-
eration, and,

e thereisno register crowding.

442 Estimation Mode

System performanceisrelated to the number of execution
cyclesunder typical inputs. In this study, the performance
(Pfunc) for agiven datapath width w, is estimated by

g

P W)= c——"—"—
func( ) Nezec_cycle (W)

where 3 isaconstant and Recc_cycre (w) i the total num-
ber of execution cycles for the application program nec-
essary for memory accesses for that datapath width. A
measure of Rezcc_cyee(w) asafunction of datapath width
isgiven by

Nexec_cycle (w) = Z Ne:r:ec_cycle(opia w)
op;

where op is operation (suffix i is used to denote instance),
Negec_eyele (0pi,w) 1S the number of execution cycles for
that operation instance op; on a processor/system with
datapath width w and is determined by

Nexec_cycle(opi> w) = Cprpr(opia W) . ne:r:ec_cycle(opspa w)



where, pr is the precision of the operatiion instance, cpr
is the cycle penalty ratio, and negec_cycie (0Psp, w) is the
number of execution cycles for a single precision execu-
tion.

However, an operation described in a high-level
language may need arithmetic/logic instruction(s),
load/store instruction(s), or both. op stands for such an
operation and should be understood from the context. If
the operation instance involves only load/store instruc-
tion(s) (i.e., op=load/store), pr is determined by the size
of the variable to be loaded(or, stored) and the datap-
ath width w. For any operation instance involving arith-
metic/logic instruction(s) (i.e., op=function), pr is deter-
mined by the operation itself, the size of its operands
(variables), and the datapath width w. Nevertheless, it
islikely that an operation would contain both kind of op-
erations and a combination of the above is necessary.

For a datapath width equal to the size of the applica-
tion program’s largest variable, al the operations of that
program will be single precision. If we narrow the datap-
ath width, some of the operations would become multiple
precision ones. This will increase the number of execu-
tion cycles for those operations. The net effect is an in-
crease in the total number of execution cycles.

Now, with al the necessary information described
above, it is possible to determine system performance as
afunction of datapath width.

4.4.3 First-Order Compensation

A first-order approximation compensates for the devia-
tions of performance(F,..) introduced by our profile-
data-based estimator function. The final estimated per-
formance, P, (., for a system with datapath width w is
approximated by

. Psim(refw)
B Pfunc(refw)

where, Py (rer,) 1S the performance for the reference
system with datapath width ref,, Prync(.) is estimated
performance for a system with datapath width w, and,
Prunc(ref.)is estimated performance for a system with
datapath width ref,,.

Pest(w) X Pfunc(w)

4.5 Evaluation and Reduction of Design Exploration

Space

At this stage of design, (1) the performance con-
straints, and, (2) system performance as afunction of dat-
apath width are known. With this information, it is easy
to detemine which of the systems satisfy the performance
constraints. The datapath width of those satisfying the
performance constraints are “accepted” datapath widths.
Detailed design is done with these accepted values.

4.6 Detailed Design

Detailed design isdone with the Evaluate-and-Redsign
approach for a range of accepted datapath width val-
ues. Thuswe cut reduce the design exploration space that
would result into less number of explorationsfor datapath
width optimization.

However, with an accepted value for datapath width,
the core processor is customized and the application pro-
gram is compiled for that processor. A simulation is used
to determine the area, power consumption, etc. of the sys-
tem. Again, an evaluation checks whether the customized
system satisfies the design goals. In case the design goals
is not met, arepetition is necessary as before. Since, we
evaluate and redesign a reduced number of of targets, an
acceleration is gained.

5 Experimental Results

In this section we will illustrate our experiment results.
We used Bung-DL X as our target processor. Two appli-
cations are chosen for the experiment:

1. Lempel-Ziv agorithm, and,
2. Ccitt adpcm g721 encoder.

Both the programs are implemented in Valen-C. The sys-
tem performance is assumed to lie within 5% of the ref-
erence case(32-bits for Lempel-Ziv, 19-bits for adpcm).

The strings used for the Lempel-Ziv program anaysis
are:

binary file cat (a UNIX command),

binary file pwd (a UNIX command),

text file readme (a SAMBA utility program),
text file readme.jis (a SAMBA utility program).

The range of possible datapath widths is 32-bits ~ 8-
bits (8, because of arestriction of the Valen-C compiler).
The analysis & evaluation result is shown in Figure 3:
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/ ‘ ‘ "

4.5e-10 . : . . .
10 15 20 25 30

datapath width [bi]

Figure 3. Performance estimation for the

Lempel-Ziv program



From the Figure 3 we can easily verify that the accept-
able rage of datapath width is 32-bits ~ 15-bits. That is,
the obtained reduction of design space is approximately
25%. We can now continue with these values and opt for
the optimal datapath width. The criteria for optimality
depends on the particularity of the system.
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Figure 4. Area of the system for the Lempel-Ziv
program

Asanillustration, if areais the subject to concern, we
determine the system area and see that the optimal data-
path width is 15-bits (Figure 4).

For the adpcm encoder, standard input stream is used.
The range of possible datapath widths is 19-bits ~ 8-hits.
The analysisresult is shown in Figure 5.
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Figure 5. Performance estimation for the Ccitt
adpcm encoder program

The range acceptable values of datapath width is 16-
bits ~ 19-bits. The design space is reduced to about 66%.
The optimal datapath width for the minimum chip areais
determined to be 16-hits.

5.1 Discussion

Our proposed approach reduces the number of repeti-
tion of the time consuming low-level simulations. How-
ever, the performance estimations of the proposed ap-

proach is compared with that of the existing approach
(Figure 6, Figure 7).
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Figure 6. Comparison between the two ap-
proaches for the lempel-Ziv algorithm

Figure 6 illustrates that the proposed method intro-
duces a negligible error. Further calculations show that
the error rate lies below 20%, with a minimum rate of
0.03%. For datapath width equal to 15-bits or above, the
error is below 0.06%, which is very substantial.
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Figure 7. Comparison between the two ap-
proaches for the adpcm g721 encoder algorithm

However, for the adpcm encoder, the error rate rise up
to 34%, at the narrower datapath widths (Figure 7). The
error rate lies below 7% for datapth width 19-bits ~ 14-
bits.

Nevertheless, the significant feature of our approachis
that the rise and falls in the performance curve resembles
the graph of the other approach.

In the lower datapath width region, the error rate grows
rapidly. As atrivial effect of datapath width narrowing,
the number of multiple precision operationsincreases. In
our simplistic model, the execution cycles due to spill-
instructions (i.e., codes inserted by the compiler — such
as nops, or, variable declarations) was compensated by
relating with the reference case. Improvement in the
compensation model would reduce the error to a much



acceptable level. Another reason is the application pro-
gram. A large number of variablesin the Lempel-Ziv pro-
gram lies near the 15-hit region. Below this region, the
multiple-precision operations increase drastically. Yet,
the increase of nops or other codes inserted by the com-
piler is affected less. Similar is the case for the adpcm
encoder program.

We conclude this discussion with the argument that
our approach is quite effective as the estimated system
performance shows a very similar behavior to the simu-
lative performance and that a better compensation model
may remedy the error rate.

6 Conclusion

In this paper, we have proposed an efficient approach
which, through an early estimation and evaluation of sys-
tem performance, reduces the design exploration space
while determining the optimal datapath width. From our
experience, this results in a reduction of design time al-
though some overhead is introduced during the analysis.
The analysisis done manually and is difficult to correlate
with the conventional approach.

Currently, we are working on the automation of
our proposed approach. We are also working on
area,power/energy consumption concerns to integrate in
our analysis. Further enhancement like considering the
codes inserted by the compiler, or, covering a pipelined
system with cache memory is necessary for real world
system. Those remain as our future interest.
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